Within the sheltered creeks of Ca Â diz bay, Ulva thalli form extended mat-like canopies. The effect of solar ultraviolet radiation on photosynthetic activity, the composition of photosynthetic and xanthophyll cycle pigments, and the amount of RubisCO, chaperonin 60 (CPN 60), and the induction of DNA damage in Ulva aff. rotundata Bliding from southern Spain was assessed in the ®eld. Samples collected from the natural community were covered by screening ®lters, generating different radiation conditions. During daily cycles, individual thalli showed photoinhibitory effects of the natural solar radiation. This inhibition was even more pronounced in samples only exposed to photosynthetically active radiation (PAR). Strongly increased heat dissipation in these samples indicated the activity of regulatory mechanisms involved in dynamic photoinhibition. Adverse effects of UV-B radiation on photosynthesis were only observed in combination with high levels of PAR, indicating the synergistic effects of the two wavelength ranges. In samples exposed either to PAR+UV-A or to UV-B+UV-A without PAR, no inhibition of photosynthetic quantum yield was found in the course of the day. At the natural site, the top layer of the mat-like canopies is generally completely bleached. Arti®cially designed Ulva canopies exhibited fast bleaching of the top layer under the natural solar radiation conditions, while this was not observed in canopies either shielded from UV or from PAR. The bleached ®rst layer of the canopies acts as a selective UV-B ®lter, and thus prevents subcanopy thalli from exposure to harmful radiation. This was con®rmed by the differences in photosynthetic activity, pigment composition, and the concentration of RubisCO in thalli with different positions within the canopy. In addition, the induction of the stress protein CPN 60 under UV exposure and the low accumulation of DNA damage indicate the presence of physiological protection mechanisms against harmful UV-B. A mechanism of UV-B-induced inhibition of photosynthesis under ®eld conditions is proposed.
Introduction
In soft bottom habitats along the shallow coastal zones of southern Spain, Ulva thalli are frequently arranged in matlike canopies (Herna Ândez et al., 1997) . The persistence of these structures depends on the degree of water turbulence: in sheltered areas, the canopies may be very stable, keeping their structure during tidal movement as¯oating thick mats. Within these canopy-like structures, a steep gradient in light climate persists due to self-shading effects (Vergara et al., 1997) . The top layer is regularly exposed to high solar radiation, whereas the shaded layers receive reduced light intensities, which are preferably depleted in the blue and the red regions of the spectrum (Vergara et al., 1997) . The effect of canopy arrangement on ecophysiology, for example, photoacclimation (Pe Ârez-Llore Âns et al., 1996) , primary production (Herna Ândez et al., 1997) and photosynthetic performance (Vergara et al., 1997) of Ulva species has been studied previously, pointing to the importance of canopy arrangement as a key factor in regulating primary production. However, in these studies, the effect of UV radiation on Ulva canopies has been neglected, although harmful UV-B levels are particularly high in southern Spain and, moreover, persisting under long periods of open sky conditions (Altamirano et al., 2000a, b) .
The harmful effects of solar UV-B exposure include damage to proteins, pigments and nucleic acids, thus signi®cantly impairing photosynthesis (see Vass, 1997 , for a review) and growth. However, the knowledge about how protective mechanisms enable algae from the intertidal and upper sublittoral zones resist high levels of UV-B is still limited. One strategy is adequate shielding against solar exposure, which might be achieved on an intracellular basis (e.g. by internal screening compounds, as described for the mycosporine-like amino acids of red algae; Karsten et al., 1998 Karsten et al., , 1999 or an extracellular basis, by shading (e.g. within crevices or under canopies). As a particular strategy, the excretion of a UV-absorbing substance was observed in the intertidal green alga Dasycladus vermicularis from southern Spain (Go Pe Ârez-Rodrõ Âguez et al., 1998) . The long-term effects of solar UV radiation on growth and photosynthesis in individual layers of Ulva rigida and U. olivascens from southern Spain have recently been described by Altamirano et al. (2000a, b) . In both species, long-term growth was only slightly affected by UV-B radiation, indicating the presence of protective and acclimation mechanisms.
The most obvious indicator of stress (for example, UVstress) is the loss of pigments, and thus bleaching of the thallus, due to photo-oxidation. Stress related to solar exposure and the steep gradient in light climate within Ulva canopies results in an inverse gradient of chlorophyll concentration within the layers forming a mat (Vergara et al., 1998) . Further indicators that UV-B stress is beginning have been studied by Cordi et al. (1997 Cordi et al. ( , 1999 and Bischof et al. (2002) , revealing that, apart from changes in photosynthetic activity, the activity and concentration of RubisCO, and the activity of the xanthophyll cycle might be altered upon UV exposure.
The aim of the present study was to elucidate the effect of UV-B radiation on the ecophysiology of photosynthesis of Ulva canopies and individual thalli under ®eld conditions. Therefore, a wide range of physiological parameters was studied to elucidate the impact of UV from the population down to the protein and DNA level. In addition, the induction of one stress protein (the chaperonin 60, CPN 60), the so-called RubisCO binding protein, was studied as an example of a possible protective mechanism in algae exposed to UV-B. The changes in the parameters studied were followed over daily cycles, and within arti®cially designed canopies, giving an insight into how UV-B exposure contributes to the common phenomenon of canopy arrangement in soft bottom habitats along the southern coast of Spain.
Materials and methods

Study site
The experiment was conducted between 25 July and 25 August 2001 in the`Salinas de la Calavera' (36°25¢ N, 6°13¢ W; property of Acuinova, San Fernando, Spain) within the`Parque Natural Bahia de Ca Âdiz', Spain. The site consists of various parallel creeks, which are interconnected by tidal channels. Tides are semi-diurnal with an average tidal range of 0.8 m. The soil is formed of sedimentary stones with an extended soft bottom layer (up to 0.5 m). Within the chosen central creek, the salinity varied between 34±40 PSU depending on the tidal conditions. The water temperature changed with respect to the tidal conditions and solar insulation and was in the range of 22±27°C. The vertical attenuation coef®cients (K d ) of downward photosynthetically active radiation (PAR) varied between 0.6 and 1.0 m ±1 , as determined by parallel irradiance measurements conducted at different water depths, using two cosine-corrected athead underwater sensors (Li 192 SA, Li-Cor Quantum, Lincoln, USA) connected to a Li-Cor Li-1000 datalogger. During the experimental period, sunny conditions prevailed. Under these conditions, maximal solar irradiance of up to 500 W m ±2 PAR (400±700 nm), 80 W m ±2 UV-A (315±400 nm) and 1.8 W m ±2 UV-B (280±315 nm) were measured (data from continuous UV-measurements from southern Spain can be downloaded from www.eldonet. org). The continuous monitoring of solar UV-B and temperature was conducted underwater and at ground level using two Eluv-14 dataloggers (developed at the Alfred Wegener Institute, Bremerhaven, Germany; see El Naggar et al., 1995, for reference).
Algal material
The study site was densely populated by Ulva aff. rotundata Bliding (identi®cation by JJ Vergara, University of Ca Âdiz, Spain). At the natural growth site, these algae usually form extended¯oating mats. Individual thalli can grow up to a size of 1.5Q0.6 m. For the experiments, healthy, well-pigmented tissue from the subcanopy was chosen. For recording the daily cycles of changes in photosynthetic activity, leaf discs 2.3 cm in diameter were cut from the thalli and distributed among the respective experimental treatments (see below); 500 discs were cut per treatment. For designing arti®cial canopies, large thalli were selected, and four thallus layers were assembled to form one mat (see below).
Experimental set-up
For recording daily cycles of photosynthetic activity, the leaf discs were exposed under various cut-off ®lters (Schott, Mainz, Germany), thus generating different spectral exposure conditions. The ®lters used were WG 280 (cut-off below 280 nm=PAR+UV-A+UV-B treatment), WG 320 (cut-off below 320 nm=PAR+UV-A treatment), GG 400 (cut-off below 400 nm=PAR treatment), and UG-5 (transmitting below 400 and above 680 nm=UV-A+UV-B treatment). The optical properties of the ®lters are characterized by the transmission spectra shown in Fig. 1 . Filters were ®xed to plastic boxes containing the algal discs. Holes in the side walls of the boxes allowed water exchange and wooden pieces attached to the boxes allowed the whole set-up to¯oat at the water surface of the creek. The set-up containing the algae was installed during the evening before the daily cycles were recorded. Sampling was conducted at regular intervals from approximately 07.00 h to 22.00 h. At each sampling, measurements of maximal quantum yield of photosynthesis (F v /F m ) and PI-curves were performed, and samples were taken for physiological analyses (pigments and protein content). In the course of the experimental period, the record of daily cycles was repeated three times under comparable radiation conditions, leading to reproducible results. Therefore, as an example, all results shown are for the daily cycle recorded on 2 August 2001.
Arti®cial Ulva canopies were designed as follows: For each mat, four well-pigmented subcanopy layers were arranged between two layers of nylon mesh, cut to the appropriate size to keep the thalli in the desired position. The size of each mat was approximately 22Q22 cm. Five different radiation treatments were generated by using ®lter foils. The ®lter foils used were: Ultraphan 395 (Digefra, Munich, Germany) to exclude UV-A and UV-B, and Folex 320 (Folex, Dreieich, Germany) to exclude UV-B. Ultraphan 295 was used in order to identify the additional effect of covering samples with the plastic ®lter foils compared to the samples exposed to un®ltered radiation. The effects of the respective foils on the spectral distribution of solar radiation were previously published by Pe . Mats were also exposed to un®ltered solar radiation and under UG-5 ®lters. Six canopies were arranged per treatment and exposed independently. In addition, canopies exposed to un®ltered solar radiation were equipped with biological UVdosimeters (Viospor, Biosense, Germany; see Quintern et al. (1992) and Furusawa et al. (1998) for reference) under layers one, two and three. The individual arrangements were attached to a¯oating system, which guaranteed an even exposure of material at the water surface and the proper positioning of canopies during the time of exposure. After 3 d of exposure, the respective layers of canopies from the different radiation treatments were separated and individually analysed for photosynthetic activity (F v /F m and PI-curves) and sampled for physiological analyses (pigments, proteins and DNA damage).
Biological variables
The measurements of maximal quantum yield of photosynthesis (F v /F m ) were conducted using a PAM 2000 (Walz, Effeltrich, Germany) chlorophyll¯uorometer. Samples were dark acclimated within a black plastic box with a hole in the lid to insert the ®beroptic of the¯uorometer. After a 5 s far-red pulse, samples were kept in the dark for a further 5 min. Ground¯uorescence (F o ) was determined by the irradiation of samples with a weak pulsed measuring beam (0.5 mmol m ±2 s ±1 at 650 nm), subsequently, maximal¯uorescence (F m ) was measured by providing a 0.8 s saturating pulse of white light emitted from a tungsten halogen lamp (4000 mmol m ±2 s ±1 ). Each determination of F v /F m was conducted using ®ve independent replicates. Relative electron transport rate (ETR) versus irradiance curves (PI-curves) were recorded according to procedures described by Schreiber et al. (1994) and Bischof et al. (2000) . As the actinic light source, the halogen lamp integrated in the¯uorometer was used; actinic irradiance ranged from 65±3000 mmol m ±2 s ±1 . From recorded curves, the parameters ETR max (maximal relative electron transport rate), q p (photochemical quenching), and q n (nonphotochemical quenching) were extracted. Due to the time needed to conduct the measurement, only one curve could be recorded under each sampling condition in the course of the day. However, repeated records of daily cycles and the individual analysis of replicate canopies, revealed the representativeness of recorded curves.
Changes in photosynthetic (chlorophyll a+b, b-carotene, lutein) and the xanthophyll cycle pigment (violaxanthin [V] , antheraxanthin [A], zeaxanthin [Z]) composition were analysed as described by Bischof et al. (2002) . Pigment data were obtained from independent triplicate samples. From the obtained data, the epoxidation state of the xanthophyll cycle (EPS) was calculated as: EPS=(V+0.5A)/(V+A+Z) (Thayer and Bjo Èrkman (1990) .
In addition, spectra of in vivo thallus absorption in the range of 260±750 nm were recorded from three independent replicates by a spectrophotometer (UV2, Unicam, Cambridge, UK).
Crude extracts of samples for protein analysis were prepared, and protein separation by SDS-gelelectrophoresis and the subsequent detection of the large subunit of RubisCO by Western blotting was conducted according to Bischof et al. (2002) . The detection of CPN 60 was performed after Western blotting of SDS-gels using a polyclonal antibody against GroEL from E. coli, raised in rabbits. Pilot experiments con®rmed the ef®cient cross-linking of antibodies with CPN 60 from a wide range of marine algae (EG Vrieling, University of Groningen, personal communication). Secondary immunodecoration was performed using an alkaline phosphataseconjugated goat anti-rabbit antibody. For quanti®cation, blots were scanned with a GS-700 densitometer (Bio-Rad, Hercules, USA) and differences in the abundance of RubisCO and CPN 60 were analysed with image analysis software (Multi-Analyst, Bio-Rad).
Accumulation of DNA damage in arti®cial canopies, measured as the presence of cyclobutane pyrimidine dimers (CPDs), was measured as described by van de Poll et al. (2001) .
Data treatment
Means and standard deviations were calculated from the respective replicates. Statistical signi®cance of difference was separately tested with respect to the different radiation treatments and to the different positions of thalli within arti®cial canopies by model I ANOVAs (p <0.05) and Tukey post-hoc tests (Sokal and Rohlf, 1995) .
Results
Daily cycles
Individual thalli exposed to the whole range of solar radiation (WG 280) exhibited a pronounced midday inhibition of maximal quantum yield of photosynthesis (F v /F m ), which was reversed as soon as the solar radiation decreased in the course of the afternoon (Fig. 2) . Samples kept under UV-exclusion (GG 400 ®lter) exhibited an even more pronounced inhibition of quantum yield at midday (p <0.05), but with a similar recovering capacity. Interestingly, the algae kept under UV-B exclusion, but receiving UV-A (WG 320 ®lter), and also the samples shielded from solar PAR, but receiving the whole UV range (UG-5 ®lter), did not exhibit signi®cant variations in maximal quantum yield in the course of the day.
PI-curves recorded in the early afternoon, the time of most pronounced differences in maximal quantum yield between radiation treatments, indicated differences in the utilization of light energy under the different radiation conditions (Fig. 3 ). Samples exposed under the WG 320 ®lter (PAR+UV-A) exhibited the highest ETR max levels and inhibition of photosynthesis only occurred at irradiances above approximately 1900 mmol m ±2 s ±1 PAR, resulting in a slight increase in non-photochemical quenching (q n ). Samples kept under the GG 400 ®lter (PAR) exhibited a pronounced stimulation of q n . Consequently, quantum ef®ciency and ETR max were diminished. The samples receiving the whole range of solar radiation (WG 280 ®lter) showed a somewhat intermediate response. The increase in q n was lower and ETR max levels were higher under high actinic irradiance. In accordance with the differences in q n , the course of instantaneous¯uorescence (F t ) and photochemical quenching (q p ) also differed with respect to the previous exposure conditions.
Daily cycles of effects of solar radiation were recorded using healthy, well-pigmented tissue, but the samples became bleached in the course of the experiment. This bleaching proceeded substantially faster in samples exposed to the whole spectrum (WG 280) than under UV-B exclusion (WG 320). Samples kept either under PAR alone (GG 400) or under UV alone (UG-5) were hardly affected by bleaching (see UV-B induced changes in chlorophyll content in the arti®cial canopies described below and in Table 1 ).
In vivo thallus absorption At the study site, Ulva populations are commonly arranged in canopies with a markedly bleached top layer and wellpigmented subcanopy specimens. Measurements of in vivo thallus absorption were conducted on individual thalli originating from different positions within the natural canopy (Fig. 4) . While the well-pigmented subcanopy thalli exhibited the typical absorption spectrum of green algae, the ®rst layer of the natural community only showed marked absorption in the UV-B range, probably originating from the remaining fragments of proteins and nucleic acids. In the wavelength range above 320 nm, absorbance substantially decreased and remained at almost the same level throughout the longer wavelength range. The strong absorbance of UV-B radiation within the respective thallus layers was also con®rmed by the results obtained from biological dosimeters (Viospor) installed within arti®cially designed mats, compared to continuous UV-measurements in the atmosphere . Results from both types of dosimeters were weighted to the MED (minimal erythemal dose) function and reveal that after 3 d of exposure, only 3.7% of the atmospheric¯uence of this particularly harmful radiation in the UV-B range was transmitted through the ®rst thallus layer.
Arti®cial canopies
Photosynthetic activity and pigment composition were differentially affected with respect to the position of thalli. Mats exposed under the UG-5 ®lter (UV-A+UV-B) and the 320 ®lter (PAR+UV-A) did not show signi®cant inhibition of maximal quantum yield of photosynthesis (F v /F m ), whereas in the top layers exposed to PAR alone (395 ®lter) maximal quantum yield was inhibited to an intermediate extent (Fig. 5 ). Mats exposed to the whole spectrum (295 ®lter and un®ltered) of solar radiation exhibited a steep gradient in F v /F m values, with strongly reduced values in the ®rst layer. This inhibitory effect was even more obvious for the observed ETRs (Fig. 6 ). In the material exposed to PAR+UV-A+UV-B, high photosynthetic activities could only be observed in the third and fourth layers from top. Results obtained from the other radiation treatments did not show these drastic differences between the top and subcanopy layers (data not shown).
After 3 d of exposure, changes in the concentration of chlorophyll (Chl) a and b with the position of the layers in the canopy could be observed under most radiation treatments (Table 1) . Compared to the initial values, the most drastic loss of Chl a and b could be observed in the mats exposed to un®ltered solar radiation (P <0.05), whereas in the samples under the 295 ®lter a steep gradient Changes in the content of chlorophyll a, b (Chl a, b) , b-carotene and lutein, and in the epoxidation state of violaxanthin (EPS) and the amount of total soluble proteins (TSP), with respect to radiation conditions and position within arti®cial canopies in Chl concentration was found. In the mats exposed under the 320 and 395 ®lters, only a minor loss of Chl was observed in the ®rst layer. Under the UG-5 ®lter all thallus layers exhibited elevated Chl concentrations compared to the initial samples. Marked differences in lutein and bcarotene content were neither found with respect to radiation conditions nor with respect to the position of thalli within the canopies, when concentrations were calculated based on chlorophyll content (Table 1 ). The analysis of the xanthophyll cycle pigments exhibited signi®cant differences in the epoxidation state (EPS) of violaxanthin in the ®rst layer of the mats under the 395 and 295 ®lter (Table 1) : the EPS found in the thalli forming the ®rst layer under the 295 ®lter was signi®cantly higher than under the 395 ®lter (p <0.05). In the ®rst thallus layer under the 320 ®lter, an intermediate EPS value was measured, whereas under the UG-5 ®lter the highest EPS was found.
Within arti®cially designed canopies, strong losses of soluble proteins were observed under UV-B exposure (un®ltered and 295 ®lter). This effect was less pronounced in the samples either kept under the 320 or 395 ®lter (Table 1) . Samples under the UG-5 ®lter did not show adverse effects of UV-B on protein content, when compared to the initial samples.
A signi®cant loss of RubisCO was observed within the ®rst two layers under exposure to PAR+UV-A+UV-B (p <0.05; Fig. 7, left) . Under the 320 and 395 ®lters, RubisCO concentrations were only slightly reduced compared to the initial values. Again, samples excluding PAR and only receiving UV did not show reduced RubisCO concentrations. Comparing the changes in RubisCO concentrations to the variations of arcsin-transformed F v /F m values revealed a linear relationship between these two parameters (y=7.8x+1.0598; r 2 =0.871). Within the arti®cial canopies, there were elevated concentrations of CPN 60 in the ®rst layers of almost all the treatments (Fig. 7, right) , but not in the samples exposed to the un®ltered radiation, in which the top layers were regarded as being physiologically dead. The concentration of CPN 60 was highest in the ®rst layer of mats kept under the 395 and UG-5 ®lters, with the most pronounced induction observed under the latter treatment.
Finally, the accumulation of DNA damage (CPDs) was measured in canopies exposed under un®ltered solar radiation (Fig. 8) . Thalli forming mats exposed to the un®ltered solar radiation exhibited low CPD concentrations, with a gradient of CPDs with respect to their position within the canopy. Values ranged from 1.88 (T0.223) CPDs per one million bases in the top layer to 1.0 (T0.366) in the fourth layer. In the initially collected samples from the subcanopy 0.65 (T0.354) CPDs were measured.
Discussion
These results reveal a strong contribution of solar UV-B to the inhibition of in situ-photosynthesis and to the typical structure of canopy arrangement. However, in this study's experiments, UV-B only exerted adverse effects in combination with high levels of PAR.
In both experimental set-ups, the daily cycles and arti®cial mats, photosynthetic quantum ef®ciencies were not adversely affected under the UG-5 ®lter, whereas an . PI-curves showing relative electron transport rates (rel. ETR) of different thallus layers of arti®cially generated Ulva canopies after being exposed to un®ltered solar radiation for 3 d. Results were pooled from PI-curves recorded in four independently exposed canopy arrangements, TSD.
inhibition of photosynthesis was observed in samples receiving either PAR+UV or PAR alone (Figs 2, 5) , a response previously observed in intertidal brown algae from the Arctic (Bischof et al., 2001) . Persistent high quantum yields in samples exposed under the WG 320 ®lter (Figs 2, 3, 5 ) may indicate the presence of bene®cial effects of the UV-A and blue light regions. It is known from brown algal species that blue light and UV-A may stimulate photosynthesis via the activation of Calvin cycle enzymes (Schmid and Dring, 1996) . Provided that comparable mechanisms also occur in green algal species, it is assumed that an enhanced activity of secondary photosynthetic reactions prevented the inhibition of photosynthesis. Bene®cial effects of solar UV-A were also found in a ®eld study on the green alga Dasycladus vermicularis from southern Spain, in which samples exposed to the solar PAR+UV-A showed less pronounced inhibition and faster recovery of photosynthesis, than samples exposed either to PAR alone or to PAR+UV-A+UV-B, which were both inhibited to a similar degree .
In this study, the strong response of algae exposed under UV exclusion compared with samples exposed to the full solar spectrum represents a particular reaction (Fig. 2) , which is different from the results obtained for polar and cold-temperate species, in which the UV-B region always led to a stronger inhibition during the daily cylces (Hanelt et al., 1997; Bischof et al., 2001 ). An explanation for this response might be provided by comparing PI-curves and analysing quenching parameters (Fig. 3) . The high ETR max 8 . Accumulation of cyclobutane pyrimidine dimers (CPDs) in the DNA, with respect to position in the canopy exposed to un®ltered solar radiation, white bar represents CPD levels in the initially sampled subcanopy layers; n=3 TSD. levels in samples exposed under the WG 320 ®lter (PAR+UV-A) indicate the additional stimulation of photosynthesis by UV-A. In samples kept under the GG 400 ®lter (PAR only), a strong stimulation of q n (Fig. 3) indicates increased heat dissipation of excessively absorbed energy (Havaux et al., 1991; Ruban and Horton, 1994; Young and Frank, 1996) . The consequent reduction in quantum ef®ciency has been described as an important diagnostic characteristic of dynamic photoinhibition (Osmond, 1994) . In parallel with the increase in q n , ETR is strongly diminished, pointing to regulatory mechanisms in response to high solar PAR. In samples receiving the whole range of PAR+UV-A+UV-B, heat dissipation appears not as pronounced, resulting in higher ETR max levels under high actinic irradiance, indicating an impaired regulatory and defence system against high radiation.
Heat dissipation is related to the activity of the xanthophyll cycle (Frank et al., 1994) , which has previously been reported to be impaired under UV-B exposure (Pfu Èndel et al., 1992; Bischof et al., 2002) . Within this cycle, excessively absorbed energy is dissipated as heat and thus it prevents electron transfer to oxygen and the subsequent generation of harmful reactive oxygen species during photosynthesis (see Demmig-Adams, 1990 , for review). The contribution of the xanthophyll cycle to photoinhibition of photosynthesis and its recovery in U. rotundata has been described in detail by Franklin et al. (1992) . In samples collected during the daily cycles, no statistically signi®cant differences in xanthophyll composition could be observed in this experiment (data not shown). However, the differences in EPS of the top layers under PAR+UV-A+UV-B (295 ®lter) and PAR alone (395 ®lter) in the mat experiment indicated a higher share of zeaxanthin and, thus, an activated xanthophyll cycle (Franklin et al., 1992) under UV exclusion (Table 1) . The higher EPS found in the ®rst layer under the 295 ®lter indicates that the conversion of violaxanthin to zeaxanthin is inhibited. These results may also be applied to the data obtained from daily cycles, in which samples exposed under UV exclusion exhibited strongly elevated nonphotochemical quenching, indicating the activity of the xanthophyll cycle (Demmig-Adams, 1990 ). Previously, Bischof et al. (2002) described the UV-induced inhibition of the xanthophyll cycle in a ®eld experiment on Ulva lactuca from Heligoland (German Bight). UV-B radiation seems to impair this important protective mechanism against high light stress, probably via an inhibition of the enzyme violaxanthin de-epoxidase (Pfu Èndel et al., 1992) . Reduced activity of the xanthophyll cycle results in the elevated production of reactive oxygen species (ROS) and, ®nally, in photo-oxidation of pigments, which is described as a common response of plants towards UV-B exposure (see Vass, 1997, for review) . By contrast to samples only exposed to PAR, ROS production may be elevated during exposure to the whole solar spectrum, contributing to photo-oxidation and bleaching of pigments, as observed in the mat experiment (see Table 1 for changes in pigment composition). The fast bleaching of samples kept under the full range of solar radiation shows that UV-B, beside other factors like temperature, desiccation, and osmotic stress, can be regarded as an important factor in the bleaching and disintegration of the ®rst thallus layers of Ulva mats. Indeed, it should be noted here that differences found between the samples exposed to un®ltered radiation compared to those exposed under the 295 ®lter (Table 1; Figs 5, 7), might partly be attributed to desiccation and osmotic stress, as, in contrast to the treatment without any ®lter, a thin water layer is always retained between the underside of the foil and the ®rst thallus layer. The data presented here also reveal the strong synergistic effects of UV and PAR affecting Chl concentration, as under the UG-5 ®lter no reduction in Chl was found at all.
Proteins absorb strongly in the UV-B range, and a loss of proteins has previously been described for macroalgae under UV exposure (see Vass, 1997, for review) . Within photosynthesis, RubisCO has been identi®ed as a primary target (Jordan et al., 1992; Bischof et al., 2000) . Indeed, these results show a signi®cant loss of RubisCO within the ®rst two layers under exposure to PAR+UV-A+UV-B (Fig. 7, left) , but also that samples subjected to no PAR, thus only receiving UV, did not exhibit any reduction in RubisCO concentration. This con®rms that, in ®eld-grown plants, only the combination of UV-B and high PAR may harm photosynthesis. Loss of RubisCO concentration may be the result of either UV-B induced destruction of the protein or reduced synthesis due to down-regulation of gene expression (Jordan et al., 1992; A-H-Mackerness et al., 1999; Bischof et al., 2000) . Curiously, the presence of ROS has recently been identi®ed as an important component in the signal transduction pathway to downregulate the expression of rbcL upon UV-B exposure (A-H- Mackerness et al., 1999) . This may partly explain the unaffected RubisCO concentrations under the UG-5 ®lter, as photosynthetic activity, which is inevitably linked to ROS generation, is low there, because it is only driven by the low irradiance of incoming red light transmitted by this ®lter. The relationship between changes in RubisCO concentrations and the variations of arcsin-transformed F v /F m values might indicate a closer correlation, although previous studies have shown that UV exposure might impair RubisCO content and activity prior to primary photosynthetic reactions (Allen et al., 1997) .
In the context of changes in the concentration of RubisCO, the induction of CPN 60 was studied. This plastidic chaperone has been described as the RubisCObinding protein (Gatenby and Ellis, 1990) , facilitating the assembly of the respective subunits of RubisCO. Acting as a stress protein, it may also protect RubisCO from stressinduced degradation, maintaining it in a stable functional state (Schmitz et al., 1996) . Chaperonin 60 has previously been observed to be induced under different kinds of abiotic stress (Jagtap et al., 1998) , which include UV exposure (EG Vrieling et al., unpublished data) . Increasing concentration of CPN 60 (Fig. 7 , right) may also be attributed to the large increase in the irradiance of PAR and also to the temperature at the water surface. However, the induction of CPN 60 was most pronounced in the ®rst layer of mats kept under the UG-5 ®lter, which points to a strong contribution of UV to its expression. Further studies have to elucidate to what extent the induction of CPN 60 may contribute to the protection of RubisCO under UV-B exposure in the ®eld.
Finally, the accumulation of DNA damage (CPDs) was found to be extremely low (Fig. 8) . The absence of pronounced DNA damage in these algae originating from a region with high solar irradiance suggests the presence of ef®cient protective and/or repair mechanisms and indicates that the previously demonstrated adverse effects were not mediated by this type of damage.
Conclusions
These results clearly show that adverse UV-B effects on photosynthesis under ®eld conditions mainly occur in combination with high levels of PAR. This can be observed for a variety of physiological reactions, including photosynthetic activity, changes in pigment and protein concentration, and abundance of RubisCO. Taking into account the results of present and previous studies, the following mechanism contributing to the UV-induced inhibition of photosynthesis under ®eld conditions is proposed: amongst others, UV-B may harm protective and regulatory mechanisms such as, for example, the enzymatic violaxanthin de-epoxidation within the xanthophyll cycle as previously shown for isolated chloroplasts and intact leaves (Pfu Èndel et al., 1992) , but also for cold temperate macroalgae under ®eld conditions (Bischof et al., 2002) . Consequently, algae might not be as capable of responding to the impinging high PAR by an increase in heat dissipation (Demmig-Adams, 1990; Niyogi et al., 1997) , which may result in an increased ROS production (Asada and Takahashi, 1987) . This may either lead to photo-oxidation of pigments and proteins (Andersson et al., 1992) or down-regulation of gene expression (A-H- Mackerness et al., 1999) . The data suggest an important role for ROS in observed effects, rather than DNA damage. Further ®eld studies should focus on the proof of this hypothesis. Photosynthetic data also revealed the contribution of UV-A to maintain high quantum yields in the course of the day. The study of the synergistic effects of the different wavelength ranges (PAR, UV-A, UV-B) and their respective ratios will be an important aspect in future investigations of acclimation mechanisms under a changing light climate.
It is evident that other abiotic factors also contribute to the bleaching of pigments, but from the study presented here it can be concluded that UV-B is one of the driving forces, leading to the bleaching and disintegration of top layers of natural Ulva canopies. The selective absorption characteristics of the bleached material (Fig. 4) are responsible for the ef®cient shielding of the subcanopy algae from UV-B exposure. Therefore, the typical canopy arrangement can also be regarded as an ecological mechanism to avoid healthy and productive material being exposed to UV-B. Herna Ândez et al. (1997) proposed canopy formation as a strategy to maintain high production rates. Under ®eld conditions, growth rates up to 30% d ±1 were determined (Herna Ândez et al., 1997) in Ulva species from southern Spain, which can, thus, be regarded as following a typical r-strategy. Since these species exhibit very low compensation points for growth (5 mmol m ±2 s ±1 ; Pe Ârez-Llore Âns et al., 1996) canopies with up to 17 layers can be found in non-wave-exposed areas (Herna Ândez et al., 1997; Vergara et al., 1998) . Therefore, bleaching of top layers hardly represents a constraint to primary production on the population level. This study's data indicate that UV-B-induced bleaching of the ®rst layer and shielding of the subcanopy against harmful UV-B is a key factor enabling the mass development of Ulva communities, which are frequently observed in eutrophic systems along the southern coast of Spain.
